培養ヒト真皮由来線維芽細胞に対するガドリニウムの影響 by 小澤 佑美
1 
 
Effects of Gadodiamide on cell proliferation and collagen production in 
cultured human dermal fibroblasts 
 
 
 
Yumi Ozawa・Shujiro Hayashi・Yoichiro Hamasaki・Atsushi Hatamochi 
 
Department of Dermatology, Dokkyo Medical University, School of Medicine , 
Mibu, Tochigi , Japan 
 
e-mail：shayashi@dokkyomed.ac.jp 
 
 
 
Keywords 
Gadodiamide, Fibroblasts, Cell proliferation, Type I and type III collagen, 
Collagen gene expression levels, Nephrogenic systemic fibrosis 
 
 
 
 
 
 
2 
 
Abstract 
Nephrogenic systemic fibrosis (NSF) is a disease characterized by fibrosis of 
the systemic organs in patients with renal failure. Following the findings of 
recent epidemiological studies and the finding of gadolinium (Gd) in the skin 
tissue of NSF patients, it is now definitely known that the use of Gd contrast 
agents can trigger NSF. To date, however, the exact mechanism underlying the 
induction of fibrosis in various organs by Gd remains unexplained. The present 
study was undertaken to evaluate the influence of Gd on the proliferation activity 
and collagen production of cultured fibroblasts. Normal human dermis-derived 
fibroblasts were incubated in the presence of gadodiamide (GA) in the 
concentration range of 510-7 to 510-3 M. The proliferation activity of the cells 
was assessed on the basis of the cell counts in the fibroblast growth curve and 
the DNA-synthetic activity of the cells (indicator; level of 3H-thymidine uptake 
by cells). The collagen production was evaluated by densitometric measurement 
of the quantity of collagen through electrophoresis and fluorography after 
incorporation of 3H-proline into the procollagens. Furthermore, the expression 
levels of the genes for type I and III collagen were measured by real-time reverse 
transcription polymerase chain reaction (RT-PCR) assay. The cell count tended 
to be higher when the fibroblasts were incubated in medium containing GA in 
the concentration range of 510-7 to 5 10-4M as compared to that in the GA-free 
control cultures; furthermore, the DNA synthetic activity also rose in a 
concentration-dependent manenr in the GA-treated group as compared to that in 
the control group. No significant changes in either the collagen production or the 
collagen gene expression levels were noted in cultures containing GA at 
concentrations between 510-7 and 510-3 M. These results suggest that the 
formation of sclerosing lesions in patients with NSF may be attributable to the 
effect of GA of enhancing the growth activity of fibroblasts.  
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Introduction 
Nephrogeneic systemic flbrosis (NSF) was first reported in 2000 as a 
“scleromyxedema-like cutaneous disease,” through summarization of the 
characteristics of renal-dialysis patients presenting with skin sclerosis and 
pigmentation [4]. Later, cases with this condition were also found among patients 
with severe nephropathy not yet on hemodialysis. The name “NSF” was given to 
this entity, as the sclerosing lesions were noted not only in the skin, but also in 
various other organs [16]. Following the findings of recent epidemiological 
studies [24] and the detecion of gadolinium (Gd) in the skin tissue of NSF 
patients [14], it began to be considered that Gd-containing contrast agents (Gd-
CA), such as gadodiamide (GA), may be involved as precipitating factors for 
NSF. 
Symptoms of NSF largely occur in the skin (redness and hardness  
accompanied by pain and itching sensation of the extremities and trunk) and 
articular symptoms (contracture and articular immobility) [19]. The fibrosis-
affected skin in NSF patients is histopathologically characterized by thickening 
of the collagen fiber bundles, presence of numerous fibroblast-like cells and 
positive results for Alcian blue staining (probably reflecting an increase of 
glycosaminoglycans such as hyaluronic acid) [7]. 
The present study was designed to evaluate the influence of GA on the 
proliferation activity, collagen production activity and expression levels 
of the collagen genes in healthy human dermis-derived fibroblasts, with 
the goal of exploring the mechanism underlying the development of Gd-
induced fibrosis.  
 
Materials and Methods 
Materials 
This study was approved by the Institutional Review Board of Dokkyo 
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Medical University Hospital (ID: 1706), on the basis of the Ethical Guidelines 
for Clinical Research of the Ministry of Health, Labor and Welfare, Japan. 
Fresh tissue specimens for fibroblast cultures were obtained from the 
abdominal skin of 15-year-old and 47-year-old healthy woman and 36-year-old 
man during reconstructive surgery. Gadodiamide(GA) (Omniscan®) as a pure 
liquid was a generous gift from DAIICHI SANKYO CO., LTD. (Tokyo, Japan). 
GA was dissolved in H20 and used at a final concentrations of 5x10-7-5x10-3M. 
Fibroblast Cultures. 
Fibroblast cultures were established from the skin biopsy specimens by the 
outgrowth method described previously [8], and the cell strains obtained were 
designated N-15F, N-47F, and N-36M, respectively. The cultures were 
maintained in Dulbecco’s modified Eaglemedium (DMEM) containing 10% 
fetal bovine serum (FBS), in a CO2 incubator at 37oC. The cells were used in 
each comparative study at population doubling levels (PDLs) of two to five. 
Fibroblast growth assay[20] 
We inoculated 24-well tissue culture plates with 2x104 fibroblasts per well, 
and the next day we started culturing the fibroblasts in DMEM containing 1% 
FBS with 5x10-7 - 5x10-3 M gadodiamide(GA). We observed fibroblasts 
morphologically with a microscopy and counted the numbers of fibroblasts after 
24 hours, 48 hours, and 72 hours. A Burker-Turk hemocytometer was used to 
make the cell counts. 
Assay for DNA synthesis 
The assay for DNA synthesis was performed as previously described[11]. 
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Fibroblasts were cultured to confluence in 6-well tissue culture plates in DMEM 
containing 10% FBS. The cells were then cultured for 48 hours in DMEM 
containing 1% FBS with various concentrations of GA. After the culture with 
GA, [6-3H] thymidine (spec. act. 15.0 Ci/mmol, Amersham, England) was added 
at a final concentration of 1μCi/ml, and the cells were cultured for a further 3 
hours. Then, after being washed with PBS, they were processed with 5 % 
trichloroacetic acid and dissolved in 1 M NaOH, and the radioactivity was 
quantified using a liquid scintillation counter.  
Isolation and measurement of newly synthesized collagen[10] 
When the cell layers had become confluent, the cells were cultured for 48 
hours at 37oC in DMEM containing 1% FBS and supplemented with various 
concentrations of GA. They were then incubated with DMEM containing 
1%FBS and 5μCi/ml 2, 3-〔3 H〕proline (Amersham) in the presence of 50 μg/ml 
L-ascorbic acid 2-phosphate for 24 hours. Labelled proteins secreted into the 
culture medium were precipitated by the addition of 5% (final conc.) 
trichloroacetic acid. The precipitate was dissolved in 0.05 M acetic acid, and after 
being digested with 0.1% pepsin was subjected to SDS-PAGE (5% 
polyacrylamide gel containing 3.6 M urea).  Radioactive bands were detected 
by fluorography, and the relative amounts of collagen were quantified by 
densitometry.  
Quantitative real-time RT-PCR analysis [12] 
Fibroblasts were cultured to confluence in DMEM containing 10% FBS in 100 
mm x 20 mm dishes, and then for 48 hoursin DMEM containing 1% FBS and 
6 
 
supplemented with GA at concentrations of 5x10-7- 5x10-5 M. Total RNA was 
isolated using the guanidinium thio-cyanate-phenol-chloroform method. A 2μg 
of total RNA was reverse transcribed in a 10μl reaction using random primers 
and Transcriptor First Strand synthesis kit (Roche, USA). Real-time PCR assays 
were performed using MyiQTM Single-Color Real-Time PCR Detection System 
(Bio-Rad iCycler). Amplification mixture (10μl) contained 0.125μg of cDNA, 
0.25μM of primer and 5μl of iQTM SYBR Green Supermix.  Amplification was 
at 95℃ for 3 min, followed by a 40 cycles of 95℃ for 30s, 60℃ for 1 min. All 
samples were analyzed in parallel for GAPDH expression as internal control. 
The fold change in the levels of genes of interest was determined by 2-ΔΔCT. To 
compare the different samples in a experiment , RNA expression in samples were 
compared to that of the control GAPDH in each experiment. The primers used 
were as previously described［3］［22］, and as follows : COL1A1 : forward 5’- 
CCAGAAGAACTGGTACATCAGCA – 3’ and reverse 5’ - 
CGCCATACTCGAACTGGGAAT - 3’. COL1A2 ： forward 5’- 
GATGTTGAACTTGTTGCTGAGG – 3’ and reverse 5’ - 
TCTTTCCCCATTCATTTGTCTT - 3’. COL3A1 ： forward 5’- 
CCATCTGCAGAGCAATGACT– 3’ and reverse 5’ - 
CCCTGTGGCATGCCAATGAA - 3’. GAPDH ： forward 5’- 
GGCCTCCAAGGAGTAAGACC – 3’ and reverse 5’ - 
CTGTGAGGAGGGGAGATTCA - 3’.  
Statistical analysis  
One-Way Analysis of Variance (ANOVA) was used to determine the variance of 
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data from six different groups using Prism (GraphPad, La Jolla, CA, USA). 
Subsequently, the effect of drug was determined by a student t-test as a post-hoc 
analysis. The p-values < 0.05 were defined as statistically significant.  
 
Results 
1. Influence of GA on cell growth activity 
To determine whether GA affects the cell growth activity of fibroblasts 
or not, we first incubated the cells in the presence of GA and analyzed 
their growth curve. Two cell strains (N-47F, and N-36M) were used for the 
experiments, and the results in both were similar. All experiments were 
performed in triplicate. The data from N-47F are shown in Fig 1. The cell counts 
at 24 hours after the start of incubation were about 1.3-2.3 times higher in 
the cells incubated in the presence of 510-3 M GA to 510-5 M GA and 
510-7 M GA, and about 2.8 times higher in the cells cultured with 510-
6 M GA, as compared to those in the GA-free control group. The cell 
counts at 48 hours after the start of incubation were about 1.7-2.3 times 
higher in the GA 510-4 M, 510-5 M and 510-7 M groups, and about 3.4 
times higher in the GA 510-6 M group, as compared to the count in the 
control group. The cell counts at 72 hours were 1.1-1.3 times higher in the 
GA 510-4 M, 510-5 M and 510-7 M groups, and about 2.1 times higher 
in the GA 510-6 M group, as compared to the count in the control group. 
On the other hand, the cell count in the cultures containing GA at 510-3 
M was about 56% smaller than that in the control group. Floating and 
dying of cells were noted in the GA 510-3 M group at 48 and 72 hours 
after the start of incubation. On observations by phase contrast images of 
fibroblasts, cell division (mitosis) images were more frequently 
recognized in the cultures containg GA at concentrations in the range of 
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510-7 - 510-4 M as compared to those in the control group (Fig 2).  
2. Influence of GA on the DNA synthesis activity 
Effects of gadodiamide (GA) on DNA synthetic activity by cultured dermal 
fibroblasts were analysed(Fig 2). When fibroblasts were incubated in the 
presence of GA in the concentration range of 510-7 to 510-4M, 
fibroblasts showed a tendency towards concentration-dependent increase 
of the [6-3H] thymidine uptake. The [6-3H] thymidine uptake was 
significantly higher in the presence of GA at the concentration of 510-6M 
(about 1.5-fold higher) and 510-5M (about 2-fold higher) as compared to 
that in the control group. On the other hand, [6-3H] thymidine uptake was 
significantly lower as compared to that in the control group in the presence 
of GA at the concentration of 510-3M. Two cell strains (N-15F and N-36M) 
were used for the experiments, and the results in both were similar. All 
experiments were performed in triplicate. The data from N-36M are shown in 
Fig 3. 
3. Effects of GA on the production of collagens in cultured 
dermal fibroblasts 
No significant changes in the production levels of α1 (I)collagen, 
α2(I)collagen and α1 (III)collagen in the culture medium were observed, 
as determined by SDS-polyacrylamide gel electrophoresis, fluorography 
and quantification with densitometry, when cultured fibroblasts were 
exposed to GA at concentrations in the range of 5x10-7- 5x10-3M (Fig 3a-
d). Two cell strains (N-15F and N-36M) were used for the experiments, and 
the results in both were similar. All experiments were performed in triplicate. 
The data from N-15F are shown in Fig 4. 
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4. Effects of GA on the gene expression levels of the genes  
encoding α1 (I) collagen, α2(I) collagen and α1 (III) collagen in 
cultured dermal fibroblasts 
No significant changes in the gene expression levels of α1 (I) 
collagen(Fig 4a), α2(I)collagen(Fig 4b) and α1 (III)collagen(Fig 4c) were 
observed, as determined by real-time reverse transcriptase-polymerase 
chain reaction(PCR) analysis of the corresponding genes, when cultured 
fibroblasts were exposed to GA at concentrations in the range of 5x10-7- 
5x10-3M. Two cell strains (N-15F and N-47F) were used for the experiments, 
and the results in both were similar. All experiments were performed in triplicate. 
The data from N-47F are shown in Fig 5. 
 
Discussion 
According to the report of Broome DR published in 2008 [2], As of February 
1, 2008 there have been 190 biopsy-proven cases of NSF published in the peer-
reviewed literature with the following associations: 157 gadodiamide 
(Omniscan, GE Healthcare), 8 gadopentetate (Magnevist, Bayer Healthcare), 3 
gadoversetamide (OptiMARK, Covidien), and 18 unspecified Gd-CA, and 4 
confounded cases with more than one Gd-CA. Five cases of NSF were 
unassociated with Gd-CA.  
Symptoms of NSF include skin symptoms (redness and hardness 
accompanied by pain and itching of the extremities and trunk) and articular 
symptoms (contracture and joint immobility). Fatal cases of NSF have also been 
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reported [19]. The histopathological features of the fibrotic skin lesions in NSF 
include thickened collagen bundles with several clefts, numerous plump 
fibroblasts-like cells, and strongly positive Alcian blue staining, suggesting 
elevated deposition of sulphated glycosaminoglycans and hyaluronic acid [7].  
To elucidate the mechanism underlying the induction of fibrosis in the body 
organs by Gd, Edward et al. [7] first compared the levels of synthesis of 
hyaluronic acid and collagen between the fibroblasts obtained from NSF patients 
and fibroblasts derived from healthy indiviuals, reporting that hyaluronic acid 
synthesis was 2.8 times higher and collagen synthesis was 3.3 times higher in the 
cells from the NSF group as compared to those from the healthy group. They 
additionally reported that as compared to serum from healthy individuals, the 
serum from NSF patients enhanced hyaluronic acid synthesis by up to 7-fold and 
collagen synthesis by up to 2.4-fold in the fibroblasts from the healthy group. 
Furthermore, they reported that the addition of Gd to the culture medium of 
healthy individual-derived fibroblasts resulted in elevation of the cell growth 
activity and up to a 2.3-fold increase of hyaluronic acid synthesis, while no 
influence was observed on the collagen synthesis. Do et al. [6] reported that the 
addition of Gd-CA to the culture medium of human foreskin fibroblasts resulted 
in dose-dependent of fibronectin generation and transforming growth factor-β
（TGFβ）production. In the present study, we added Gd to the culture medium 
of healthy individual-derived fibroblasts and demonstrated elevation of the cell 
growth activity, similar to the finding reported by Edward et al. [7]. 
TGFβ, a cytokine derived from various cell types, or including T cells, 
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fibroblasts, and endothelial cells, is known to play a central role in fibrosis [23]. 
Jiménez et al. [15] reported increased expression of TGFβ1 in affected skin of 
patients with NSF. TGFβ1 polymorphisms in codon 10 (Leu10Pro) and codon 
25 (Arg25Pro) have been implicated in the development and progression of 
several other fibrotic processes, including pulmonary, renal, and hepatic 
fibrosis[1, 5, 9, 13]. Le et al. [18] reported fibrosis-associated single-nucleotide 
polymorphisms in TGFβ1 and CAV1 are not associated with the development of 
NSF. Koreishi et al. [17] reported that in early lesions of NSF skin, a progressive 
thickening of the dermis is accompanied by the accumulation of stromal cells 
with long dendritic processes. Quatresooz et al. [21] analyzed 
immunohistochemical aspects of the fibrogenic pathway in NSF, they found that 
the cell proliferation highlighted by the MIB/Ki67 immunoreactivity was 
unusually high in the interstitial stromal cells. Wagner et al . [25] suggested that 
fibrosis of NSF is from bone marrow-derived fibroblasts by the results of their 
experiments with animal models.  
To date, the report by Edward et al. [7] is the only published report of 
evaluation of the influence of Gd on collagen synthesis by cultured healthy 
individual-derived fibroblasts. They showed no influence of the level on 
collagen synthesis. Their report was based on quantification of C-terminal 
propeptide of type I collagen (CICP) as an indicator of collagen synthesis. 
The present study was designed to measure the collagen synthesis level 
more directly after adding Gd to a culture medium of healthy individual-
derived fibrblasts, by incorporating radioactive proline into the 
procollagens and measuring the quantity of collagen synthesized. 
Furthermore, the collagen gene expression levels were also analyzed by 
real-time reverse transcription polymerase chain reaction (RT-PCR) assay 
in the present study. 
Since collagen amounts in affected tissue of patients with NSF are enhanced 
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histologically, but no alterations in collagen synthesis and collagen gene 
expression were detected in this study. Therefore, we should also consider the 
presence of alterations of collagen turnover such as inactivation of collagenase 
(MMP-1). The gene expression level of MMP-1 in the fibroblasts cultured with 
5x10-7 - 5x10-4 M GA measured by real-time RT-PCR assay was not decreased 
(data not shown). 
In our experiment conducted thus, the cell proliferation was reduced and the 
DNA-synthetic potential was markedly lower in the fibroblasts  incubated with 
510-3M GA as compared to the observations in the GA-free control fibroblasts. 
This result suggests that 510-3 M is the toxic dose of GA. 
We conclude that, addition of GA to the culture medium resulted in elevation 
of the fibroblast growth activity, while the collagen expression level did not differ 
significantly between the GA-added group and the control group. These results 
suggest that the formation of sclerosing lesions in patients with NSF may be 
attributable to the effect of GA of enhancing the growth activity of fibroblasts. 
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Figure legends 
Figure 1. Effects of gadodiamide (GA) on the growth of cultured dermal 
fibroblasts.   
Two cell strains (N-47F and N-36M) were used for the experiments, and the 
results in both were similar. All experiments were performed in triplicate. The 
data from N-36M are shown. The cell growth curve was determined by 
inoculating 2x104 fibroblasts onto 24-well tissue culture plates and adding GA. 
The number of cells was counted 24(day 1), 48(day 2), and 72(day 3) hours after 
the start of incubation with GA. The results shown are mean ± S.E.M. 
＊P < 0.05 vs untreated controls 
＊＊P < 0.01 vs untreated controls 
Figure 2. Phase contrast images of fibroblasts with / without treatment by GA.  
Cell division images (arrows) were more frequently observed in the culture 
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containg GA at 510-5M (a) as compared to those in the culture without GA (b).  
Figure 3. Effects of gadodiamide (GA) on DNA synthetic activity by cultured 
dermal fibroblasts. 
The cells were then cultured for 48 hours in DMEM containing 1% FBS with 
various concentrations of gadodiamide (GA). After the culture with GA, [6-3H] 
thymidine was added, and the cells were cultured for a further 3 hours. Then, 
after being washed with PBS, they were processed with 5 % trichloroacetic acid 
and dissolved in 1 M NaOH, and the radioactivity was quantified using a liquid 
scintillation counter. The results shown are mean ± S.E.M. 
＊P < 0.05 vs untreated controls 
＊＊ P < 0.01 vs untreated controls 
Two cell strains (N-15F and N-36M) were used for the experiments, and the 
results in both were similar. All experiments were performed in triplicate. The 
data from N-36M are shown. 
Figure 4. Effects of gadodiamide (GA) on production of collagens by cultured 
dermal fibroblasts. 
The cells were incubated for 48 hours at 37oC in DMEM supplemented with 
5x10-7-5x10-3 M concentrations of GA and then cultured for 24 hours in DMEM 
containing 5μCi/ml 2, 3-[3H] proline. Labelled proteins secreted into the culture 
medium weredigested with pepsin, and they were subjected to SDS-PAGE. 
Radioactive bands were detected by fluorography(a), and the relative amounts of 
collagen were quantified by densitometry and corrected for cell number. The 
results of densitometry scanning of the 1(I) collagen(b), 2(I) collagen(c) and 
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1(III) collagen(d) from cultures treated with various concentrations of GA are 
expressed as percentages of the values in untreated control cultures. Two cell 
strains (N-15F and N-36M) were used for the experiments, and the results in both 
were similar. All experiments were performed in triplicate. The data from N-15F 
are shown. The results shown are mean ± S.E.M. 
Figure 5. Effects of GA on the gene expression levels of the genes encoding 
α1(I)collagen, α2(I)collagen and α1(III)collagen in cultured dermal 
fibroblasts Real-time reverse transcriptase- polymerase chain reaction 
(PCR) analysis of the genes encording 1(I)collagen (a), 2(I) collagen (b) 
and 1(III)collagen (c) and isolation of total RNA were performed from cultures 
treated with various concentrations of GA. The mRNA levels were expressed as 
a percentage relative to the levels in untreated control cultures. Two cell strains 
(N-15F and N-47F) were used for the experiments, and the results in both were 
similar. All experiments were performed in triplicate. The data from N-47F are 
shown. The results shown are mean ± S.E.M. 
